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In-situ four-tip stM investigation of 
the transition from 2D to 3D charge 
transport in srtio3
Arthur Leis1,2, Christian Rodenbücher2,3,4, Krzysztof szot2,3,5, Vasily Cherepanov1,2, 
F. stefan tautz1,2 & Bert Voigtländer1,2
The electrical properties of SrTiO3(100) single crystals were investigated in-situ at different stages of 
thermal reduction by means of a 4-tip STM. Using the tips of the STM as electrical probes, distance-
dependent four-point measurements were performed at the surface of the crystal at room temperature 
after reduction by thermal treatment. For annealing temperatures T ≤ 700 °C, charge transport is 
confined to a surface region <3 μm below the surface. For reduction at T ≥ 900 °C a transition from 
a conducting 2D sheet with insulating bulk to a system with dominant 3D bulk conductivity is found. 
At an intermediate reduction temperature of T = 800 °C, a regime with mixed 2D/3D contributions 
is observed in the distance-dependent resistance measurements. Describing the depth-dependent 
conductivity with an analytical N-layer model, this regime of mixed 2D/3D conductivity is evaluated 
quantitatively under the assumption of an exponentially decaying conductivity profile, correlated 
with the previously observed depth-dependent dislocation density in the sample. A non-monotonous 
temperature dependence of the 3D conductivity in the respective conducting layer is found and possible 
underlying mechanisms are discussed, particularly with regard to non-intrinsic material properties 
depending on details of the sample preparation.
Strontium titanate (SrTiO3) has become a prototype ternary transition metal oxide due to its unique electronic 
properties. While being a band insulator in the stoichiometric form, it can be transformed into a metal by the 
generation of oxygen vacancies upon reduction1. Due to electronic charge compensation of positively charged 
vacancies by electrons, the valence state of the transition metal ion Ti is changed from +4 to +32. This effect 
can be exploited in memristive devices based on the valence change mechanism (VCM) which holds potential 
for future energy-efficient data storage and neuromorphic computing3. Using SrTiO3 single crystals, it has been 
shown that the resistive switching can be confined to single dislocations, which act as preferential reduction sites4, 
promising that memristive data storage can be scaled down to the ultimate limit5. Moreover, SrTiO3 has been used 
recently to generate systems of confined metallicity such as LaAlO3/SrTiO3 interfaces6 showing the properties of 
a 2D electron gas, or high-temperature superconductors, such as FeSe grown on SrTiO3 7. In addition, even on 
bare vacuum-cleaved SrTiO3 a 2D electron gas has been found, showing the exotic nature of the SrTiO3 surface8.
Using STM, the surface of SrTiO3 has been investigated extensively, showing that upon reduction, a sur-
face transformation occurs involving reconstruction, segregation and phase transformation9,10. SrTiO3 has also 
become a relevant conducting substrate material when doped with Nb for the growth of functional oxide thin 
films as nowadays crystals with sufficiently homogeneous dopant distribution can be produced11.
The insulator-metal transition of a transparent conductive oxide such as SrTiO3 is tied to the formation of 
oxygen vacancies in the solid2. In its stoichiometric form,SrTiO3 is known to be an insulator with a band gap of 
~3.2 eV12,13. As a result of thermal treatment at low oxygen partial pressure, oxygen is effused from the material, 
thus creating oxygen vacancies which influence the electronic structure. Upon removal of a neutral oxygen atom, 
two electrons are set free according to → + +⋅⋅ −eO V 2 OO O
1
2 2
 (Kroeger-Vink notation) and are distributed in 
the t2g orbitals of neighboring Ti atoms, thus lowering the oxidation state of the Ti ions. These d-electrons can 
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contribute to transport as n-type charge carriers1,14–17. This process of formation of oxygen vacancies as a result of 
thermal treatment can be understood as local self-doping. Already after reduction at T ≈ 800 °C, SrTiO3 has been 
reported to show metallic behavior17,18. For higher reduction temperatures, the density of charge carriers and 
hence the conductivity is expected to be higher as a consequence of more oxygen vacancies being formed.
The macroscopic electronic transport properties of SrTiO3 can be described by the point defect chemistry 
model. This model takes into account the formation of oxygen vacancies and strontium vacancies as a function 
of the oxygen activity and temperature in thermodynamic equilibrium2. While this model is well-established 
and finds agreement with experimental investigations performed under defined oxygen activity by employing 
gas mixtures19, in this paper we focus on the initial non-equilibrium thermal reduction under ultra high vacuum 
conditions.
Here, we use in-situ distance-dependent four-point measurements in Valdes configuration to investigate the 
electronic transport properties on the microscale20, we demonstrate that the initial thermal reduction leads to the 
formation of a 2D conducting sheet in the surface region. With higher reduction temperature, the macroscopic 
specific conductivity is observed to increase by several orders of magnitude and a change of the transport regime 
from 2D after slight reduction to being 3D after strong reduction is detected. In the transition regime, exhibiting a 
mixed 2D/3D transport, the underlying conductivity profile of the reduced sample is obtained using an analytical 
N-layer conductance model.
Experimental
For our measurements, we used SrTiO3(100) single crystal samples provided by Crystec (Berlin). All electrical 
measurements on the 3 × 6 × 0.5 mm3 sized epi-polished samples were performed in-situ at a pressure of 
⋅ −3 10 mbar10 . As part of the investigation, the corresponding SrTiO3 sample under study was reduced by ther-
mal treatment in between successive electrical measurements. For each reduction step, the sample was annealed 
by means of resistive current heating in the UHV environment. For this purpose, a 100 Hz AC current was applied 
while monitoring the resulting temperature via a pyrometer. The use of an AC current instead of a DC one pre-
vents undesired stoichiometry polarization in the solid as a result of the applied field21. After slowly heating up the 
sample, the appropriate reduction temperature was maintained for 60 min at p < 10−9 mbar. The sample was then 
cooled down to room temperature carefully at a rate of ~50 °C/min, before performing the electrical measure-
ments and the subsequent reduction step at the next higher temperature.
The electrical characterization was performed via four-tip STM in-situ22,23, thus avoiding oxidation processes 
in the specimen. With the four-tip STM allowing for free positioning of individual tips, we carried out four-point 
measurements for different tip distances on the SrTiO3(100) surface after each annealing step. The corresponding 
positioning of the probes was controlled visually by means of an optical microscope (upper inset of Fig. 1(a)). 
The lower inset of Fig. 1(a) illustrates the linear probe configuration. Two tip configurations were used. In the 
non-equidistant configuration, the distance x between one of the current-injecting and one of the voltage-probing 
tips is varied in between subsequent measurements, while the remaining inter-tip spacings are fixed at s = 16 μm. 
In the equidistant arrangement x = s, however, all three inter-tip distances s are varied. Both configurations pos-
sess a specific dependence on the respective varied tip distance x or s and result for a 2D conducting sheet (2D 
case) and a half-infinite conducting medium (3D case) in the following equations for the four-point resistance24,25
Figure 1. (a) Comparison of measured room temperature four-point resistances after annealing at different 
temperatures for the same arrangement of probes (i.e. x = s = 16 μm). Apart from the resistance value related to 
annealing at T = 700 °C, a trend of increasing conductivity is observed for stronger reduction. The sketch 
corresponding to the arrangement of tips including the electrical configuration used for measuring is shown in 
the lower inset. The upper inset depicts an optical microscope image of an exemplary tip setup with x = 8 μm 
and s = 16 μm. (b) Distance-dependent four-point resistance of a SrTiO3(100) sample measured at room 
temperature after reduction at T = 600 °C and T = 700 °C. The graph includes distance-dependent 
measurements in both, the equidistant and the non-equidistant probe configuration, which are separated by an 
axis break. The blue lines represent the respective fits of the 2D resistance as a function of probe distance (Eq. 1) 
μ≤ =x s 16 m and μ= ≥x s 16 m, respectively. For both sets of data, the simulated resistance curve of a sheet 
of 3 μm thickness with corresponding constant specific conductivity is illustrated as a red line to illustrate 
deviations from pure 2D transport at small probe distances.
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The 2D and the 3D case are limiting cases. The general case is the case of a conducting layer of finite thickness 
t. Regarding the classification of transport as being 2D, one question arises: How thick does a layer have to be 
before deviations from the behavior in Eq. 1 are observed? For 3D transport behavior the corresponding ques-
tion is: How thin can a layer be, before deviations from the 3D behavior according to Eq. 2 are observed in the 
measured four-point resistance? Deviations from the limiting cases for layers of finite thickness depend on the 
probe distance and the thickness of the conducting layer as the two relevant length scales. For inter-tip distances 
considerably larger than the layer thickness, transport stemming from a constant specific conductivity within the 
layer appears as a 2D conductivity. In case of the equidistant probe configuration, the four-probe resistance of a 
layer with constant specific conductivity and a thickness t follows the 2D function (Eq. 1) for t/s < 0.4, while for 
tip distances satisfying t/s > 3, the resistance is fully described by the 3D curve (Eq. 2)26,27. In the non-equidistant 
configuration, the transition between 2D and 3D conductivity is in principle dependent on both x and s as param-
eters, but in case of x < s, first deviations of the resistance from the 2D curve are found for t/x > 0.7. Simulations 
corresponding to these cases can be found in the Supplementary Information. As a consequence, when 2D behav-
ior is found from the distance-dependent measurements in the non-equidistant configuration, electronic trans-
port takes place within a depth of ≤0.7x below the surface.
Results and Discussion
An overview of the experimental data is shown in Fig. 1(a) presenting the temperature dependence of the 
recorded four-point resistances subsequent to the reduction steps. The four-point resistances associated with a 
common tip arrangement ( μ= =x s 16 m) are displayed. As a general trend, lower resistances are measured after 
each annealing step, apart from the case of T = 700 °C. After the reduction process at T = 600 °C, the sheet con-
ductivity of the initially insulating sample already increases to σ μ= . ◻15 6(2) S/600 C . Over the course of subse-
quent annealing steps, the four-point resistance drops further by two orders of magnitude (Fig. 1(a)). One distinct 
exception is the measured sheet resistance after reduction at T = 700 °C yielding σ μ= . ◻4 42(3) S/700 C , which is 
a significant decrease compared to the prior reduction step. As this was confirmed by a very similar measurement 
value after repeating the annealing procedure on a different specimen, the observation is reproducible.
More detailed results of the four-probe resistance after annealing at T = 600 °C and T = 700 °C are shown in 
Fig. 1(b), which features the measurements with both the non-equidistant configuration with spacings 
μ< =x s 16 m and the equidistant configuration with μ= >x s 16 m. It can be seen that the data coincide very 
well with the 2D model in Eq. 1. The 2D character is easily recognizable from the constant resistance in the equi-
distant region, which is a hallmark of 2D conductivity. For the data taken in the non-equidistant configuration, a 
fit of Eq. 1 to the resistance confirms the 2D conductivity. The corresponding sheet conductivities have been 
identified as σ μ= . ◻15 6(2) S/600 C  for T = 600 °C and σ μ= . ◻4 42(3) S/700 C  for T = 700 °C. These conductivity 
values are to be understood as average quantities, which describe the electronic transport on the scale of several 
micrometers. When the nanometer-scale conductivity is considered, it becomes evident that the electronic trans-
port is inhomogeneous, as explained below.
In order to evaluate how thick the 2D conducting layer close to the surface is, a simulation of the four-point 
resistance of a 3 μm thick layer with corresponding constant specific conductivity is included in Fig. 1(b) as red 
lines. The simulation involves solving Laplace’s equation for a conducting layer of finite thickness on top of an 
insulating semi-infinite bulk25. In the non-equidistant configuration with s = 16 μm, the first deviations of the 
simulated resistance to the pure 2D resistance occur for thicknesses t ≥ 3 μm. This means that for t ≤ 3 μm, charge 
transport in the finite layer cannot be distinguished from transport in an infinitely thin sheet in our measurement 
configuration. Therefore, we obtain that charge transport in the SrTiO3 sample at this stage of reduction is con-
fined to t ≤ 3 μm.
In the following we discuss why a 2D conducting layer confined to the surface region (<3 μm) can be 
expected upon slight reduction. The initially insulating sample develops oxygen vacancies upon thermal treat-
ment in reducing conditions. It is known from calculations4 that oxygen vacancies in SrTiO3 preferably form at 
dislocation cores due to a locally lower activation energy. It is also hinted by calculations28,29 and confirmed by 
high-resolution transmission electron microscopy (HRTEM) measurements30 that oxygen vacancies cluster lin-
early in the material. Furthermore, an experimental study on the dislocation density of SrTiO3 via local conduc-
tivity atomic force microscopy (LC-AFM) combined with etching clearly relates locally enhanced conductivity 
on the surface, stemming from reduction, to dislocations in the material3. This correlation is further supported by 
the investigation of reduced SrTiO3 bicrystals by LC-AFM showing localized conductivity close to the bicrystal 
boundary31. Since the oxygen effusion rate during reduction of SrTiO3 is so low that the Mott criterion is not ful-
filled, as observed by mass spectrometry on a similar sample31, it is suggested that oxygen vacancies have to form 
in an ordered manner to result in a finite conductivity. Our sample under investigation was subject to mechanical 
polishing as part of the surface preparation procedure, which typically results in a high density of dislocations 
concentrated at the surface32. Once the reduction process is initiated, conductive paths form along the disloca-
tions, thus constituting a network of conducting filaments close to the surface18. Especially for lower temperatures 
(T ≤ 700 °C), reduction is expected to occur predominantly at the surface, since the formation energy is lower for 
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surface vacancies compared to the bulk33. This is in agreement with a 2D conducting layer close to the surface, 
which we find from our data.
Previous studies via LC-AFM have revealed inhomogeneously distributed spots with strongly enhanced nano-
scale conductivities within a less conductive matrix on the sample surface as terminating points of this conductive 
network5,34. The concentration of conductive spots is reported to be of the order of 1011 cm−2. Following this 
estimate, an average number of about two conductive spots is covered by the approximate contact area πrtip
2 , 
assuming a radius of ≈r 25 nmtip  for our STM tips. In fact, the contact area can be even larger than this estimate 
due to deformations of the sample upon contacting. Therefore, an inhomogeneous distribution of connections to 
the conductive network on the surface is not a concern in respect of establishing electrical contact.
For the high annealing temperatures of T = 900 °C and T = 1000 °C, the obtained distance-dependent resist-
ance values are found to agree with the 3D transport model as shown by the good correspondence to the red lines 
in Fig. 2(a), which represent a fit with Eq. 2 resulting from pure 3D conductivity. The related 3D conductivities are 
identified as σ = . m23 9(5) S/900 C  and σ = . m69 3(4) S/1000 C , respectively. In order to explore the sensitivity of 
our distance-dependent measurements of the resistance on the depth of the layer, we simulated the four-point 
resistance of a layer restricted to a thickness of 50 μm with corresponding specific conductivities, as shown in 
Fig. 2(a). At this thickness, we observe the first deviations of the calculated resistance from the data, which implies 
that the conducting region extends beyond a depth of 50 μm below the surface. We would like to note that effu-
sion data shows that the vacancy concentration at high temperature reduction of SrTiO3 is still smaller than 
expected from Mott criterion31. Hence, the electrical transport which we refer to as 3D is still heterogeneous on 
the nanoscale following partly the hierarchical network of dislocations. The transition to 3D charge transport is 
explained within the framework of strong reduction of SrTiO3. At strongly reducing conditions, oxygen vacancies 
start to form even in the bulk of the sample beyond the dislocations at the surface, causing a macroscopically 
homogeneous 3D conductivity. Additionally, vacancies are able to diffuse from the dislocations into the bulk35. 
The resulting continuum of conductive sites is the cause for the emerging bulk conductivity eventually exceeding 
the surface contribution.
The case of intermediate annealing at T = 800 °C was investigated as well, with the corresponding 
distance-dependent resistance data presented in Fig. 2(b). The figure also features exemplary model resistance 
functions for pure 2D and 3D transport. Evidently, the obtained data coincide with neither of the two and when 
the fit curves are chosen to agree with the data at small probe distances, the disagreement to the data is most 
evident. This leads to the assumption that more than a single conduction channel is involved in electronic trans-
port in the system after reduction at T = 800 °C. Therefore, we attempt to describe the data using an analytical 
N-layer conductance model taking into account mixed 2D/3D conduction contributions24,25. While a simple cir-
cuit model including a 2D and a 3D channel connected in parallel could in principle be suited to describe mixed 
contributions, a complex distribution of charge carriers towards the bulk requires a more detailed description25. 
In order to evaluate the case of mixed 2D/3D transport quantitatively, the four-point resistance is determined for 
the non-trivial depth-dependent conductivity of the sample σ(z), where z is the spatial coordinate perpendicular 
to the surface. When the conductivity profile σ(z) of the sample is known, the induced electrical potential on 
Figure 2. (a) Distance-dependent four-point resistance of a SrTiO3(100) sample measured at room temperature 
after reduction at T = 900 °C and T = 1000 °C. Data points related to a non-equidistant μ≤ =x s 16 m and an 
equidistant μ= ≥x s 16 m probe configuration are separated by an axis break at ~16 μm. The red lines 
represent a fit of the 3D resistance (Eq. 2) to the data in both regions. The green curve represents the four-point 
resistance of a 50 μm thick layer with the 3D conductivity obtained from the fit to the data. The deviation from 
pure 3D transport at large probe distances demonstrates that the conducting region extends to at least 50 μm 
below the surface. (b) Four-point resistance of a SrTiO3(100) sample measured at room temperature after 
reduction at T = 800 °C as a function of probe distances s and x in the equidistant and non-equidistant 
configuration. Blue and red curves illustrate exemplary 2D and 3D resistance functions respectively. As no 
matching fit to all the data can be obtained with the 2D and 3D functions due to mixed contributions, the two 
depicted curves are fits chosen to satisfy data points for the smallest probe distances in order to emphasize 
deviations from the data set. The green curve represents the best fit of the N-layer model with N = 25 for both 
configuration regions. The inset depicts the corresponding conductivity profile as well as its discretization into a 
step function which is used as the input for the N-layer model. As seen by the disagreement to the gray curve, 
the N-layer model fit of a purely exponentially decaying conductivity profile fails to describe the data.
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the surface and thus the four-point resistance can be obtained analytically by solving Laplace’s equation. For this 
purpose, the conductivity profile σ(z) is discretized into a step-function of N segments, such that the resulting 
2N + 1 boundary conditions in between can be used to find a solution for the electrical potential in the material25. 
Therefore, to obtain a resistance function ready to be fitted to our data, a model for the conductivity profile σ(z) of 
the sample is needed as an input. As a first approach, we assume the conductivity of the sample to be decreasing 
exponentially into the bulk, corresponding to the hierarchical distribution of dislocations observed by TEM in 
this material3,36,
σ σ= ⋅ λ−z e( ) , (3)z0
/
where σ0 and λ denote the fit parameters of the model. Here, we recall that σ is a conductivity averaged over the 
nanoscale conducting filaments at dislocation cores. A schematic illustration of the hierarchical distribution of 
conductive sites and the corresponding averaged conductivity are shown in Fig. 3(a). As can be seen from the gray 
curve in Fig. 2(b), a calculated fit with N = 25 segments matches the general trend, however the model fails to 
describe the recorded data at all probe distances. Especially for larger probe distances, where the measurement 
method is less sensitive to transport close to the surface37, the resistance appears to be overestimated in the model. 
Apparently, there is another contribution to transport that needs to be accounted for at the investigated stage of 
reduction. Upon inspection of quantitative investigations of the distribution of dislocations close to the surface in 
literature18,32,36, this suggestion is reinforced. Judging from the exponential decay of the dislocation density as 
found in literature, the distance-dependent resistance would be expected to assume a 2D behavior for even 
shorter probe distances than μ≈s 60 m. However, this would make the deviation from our data at large probe 
distances even greater. A TEM-study of a cut SrTiO3 surface by Wang et al.36 revealed a very steep decrease of the 
dislocation density in the first few micrometers below the surface. Furthermore, after only ~10 μm of depth, the 
dislocation density was found to be saturated to a constant level. To accommodate to this, we include a bulk con-
ductivity σB to the model as an additional parameter. The best fit of the extended model to the measurement data 
with N = 25 segments as seen in Fig. 2(b) as a green line is obtained for a bulk conductivity of σ = . S m2 34(1) /B  
and an initial conductivity of σ = . S m9 3(2) /0  decaying into the bulk. The corresponding decay length is identi-
fied as λ μ= .1 75(4) m. A plot of the resulting conductivity profile as a function of depth z and its discretization 
into a step function can be seen in the inset of Fig. 2(b). The obtained decay length value, which in the context of 
the material is interpreted to correspond to the near-surface exponential dislocation distribution, coincides very 
well with the aforementioned observations found in literature. Moreover, our results are also consistent with 
direct observations of the conductive sites along a crosssectional cut of a SrTiO3 crystal via LC-AFM, where the 
resulting map of increased electrical conductivity is very similar to our model conductivity profile31.
Figure 3(b) illustrates a summary of the obtained SrTiO3 specific conductivities at different states of reduction 
from our investigation. For the sake of quantitative comparison, the respective 3D conductivities are depicted 
for each reduction temperature. Hence, for the data corresponding to reduction at T ≤ 700 °C, the obtained 2D 
conductivity values were converted to 3D conductivities assuming a finite layer thickness of t = 1 μm. From our 
Figure 3. (a) Schematic crosssectional view of a SrTiO3 crystal after intermediate reduction at T = 800 °C and 
our corresponding assumed shape of the sample conductivity profile. Highly conductive regions of the sample 
are colored in blue while less conductive parts are uncolored. Conductivity-enhancing oxygen vacancies are 
introduced to the sample by means of thermal reduction. Due to the preferred segregation of oxygen vacancies 
at dislocation cores, the hierarchical distribution of dislocations close to the surface gives rise to a network of 
conducting filaments within an insulating matrix3. The corresponding conductivity profile σ(z) for quantitative 
evaluation is modeled as a saturating exponential decay. (b) Summary of obtained electrical conductivities 
of a SrTiO3 sample at different stages of thermal reduction. Since charge transport in SrTiO3 after reduction 
at T ≤ 700 °C was found to result from a 2D conductivity, the corresponding values were converted to a 3D 
conductivity using a finite layer thickness. Both data points were calculated assuming a 1 μm-thick layer. A 
minimum value can be determined from the known maximum sheet thickness of 3 μm as obtained from 
the simulation result in Fig. 1(b). As the minimum sheet thickness is not known, the upper boundary for the 
conductivities cannot be determined. For the case of mixed 2D/3D contributions after reduction at T = 800 °C, 
the constant bulk conductivity σB and the average 3D conductivity σ3λ obtained from integration up to 3λ below 
the surface are presented separately.
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simulation results presented in Fig. 1(b), we know that charge transport at the corresponding stage of reduction 
is confined to t < 3 μm below the surface, which enables us to determine a lower boundary for the converted 3D 
conductivity (as indicated in Fig. 3(b)). As the minimum thickness of the conducting layer is unknown, no upper 
boundary can be determined. In the case of mixed 2D/3D transport contributions after reduction at T = 800 °C, 
the constant 3D bulk conductivity σB and the average conductivity in the region of the exponential decay σ3λ are 
plotted separately. At higher annealing temperatures, the determined 3D conductivity increases in agreement 
with the assumption that with prolonged reduction, more oxygen vacancies are induced. Here, it has to be noted 
that the maximum analysis depth of our method is ~100 μm. Hence, the interpretation of a 3D conductivity refers 
to a depth of 100 μm.
For the two lowest annealing temperatures (600 °C and 700 °C) the trend is opposite: higher 3D conductivity 
at lower temperatures. For the conversion from the 2D conductivity to the 3D conductivity, the same thickness of 
the 2D sheet was used (1 μm for the data point and 3 μm for the lower bound of the conductivity). If, more real-
istically, a thinner sheet thickness is used for the lower annealing temperature, the trend of a higher 3D conduc-
tivity at lower temperatures will be even stronger. The interpretation of the obtained conductivity values after low 
temperature reduction is not straightforward. The unexpected decrease in conductivity after reduction at 700 °C 
is not observed in macroscopic resistance measurements, which is shown in the Supplementary Information for 
a similar sample. Therefore, we attribute this observation to be due to surface properties of our sample. Since the 
preparation of the sample was done by the manufacturer in ambient conditions, contaminations on the surface 
can have an effect on our low temperature data. Therefore, the obtained conductivities after reduction at low tem-
peratures are not to be regarded as an intrinsic material property.
The decrease of conductivity at 700 °C might stem from a rearrangement or annihilation of dislocations upon 
annealing and the subsequent redistribution of oxygen vacancies. Also, the thermal activation of the Si heater 
serving as a getter material may contribute to this trend. Furthermore, carbon contaminants at the surface can 
have a significant effect. From XPS measurements of adsorbates on a similar sample, carbonates from contamina-
tions on the SrTiO3 surface are found dissolve at the surface at 700 °C according to → +CO CO O2
1
2 2
, leaving 
behind oxygen that can effuse or be incorporated in the crystal38. The effusion is observed by complementary 
mass spectrometry data showing an increased effusion rate of oxygen at 700 °C compared to 800 °C31. With the 
remaining oxygen incorporated in the sample, it is expected to see a decrease in conductivity in surface-sensitive 
measurements.
At higher annealing temperatures the above effect is exceeded by the formation of oxygen vacancies beyond 
the dislocations under the strongly reducing conditions. This is in accord with the observed Arrhenius behavior 
as seen in Fig. 3(b) in the temperature range between 800 °C and 1000 °C, as it is expected for a thermally acti-
vated process like the formation of oxygen vacancies. We find the corresponding activation energy to be 
= .E 1 5(2) eVA . In total two opposing processes, one decreasing the conductivity with temperature and another, 
leading to an increase of the conductivity with temperature, result in the observed non-monotonous behavior of 
the conductivity as function of the annealing temperature.
Conclusion
We have investigated the charge transport characteristics of an epi-polished SrTiO3(100) sample after successive 
stages of thermal reduction in vacuum. By using a four-tip STM, we were able to perform distance-dependent 
four-point resistance measurements on the sample surface in-situ, thus preventing a change of the conductivity 
e.g. due to re-oxidation at ambient conditions. The measurements result in depth-dependent information about 
the average conductivity of the SrTiO3 sample. Our results clearly show a transition from 2D to 3D transport 
with stronger reduction, which can be explained by a dislocation-based interpretation of the thermal reduction 
process. At lower annealing temperatures, oxygen vacancies preferably introduced at dislocation cores follow the 
density of dislocations concentrated to the surface, thus constituting a network of conducting filaments resulting 
in a 2D conductance. Upon strong reduction, a 3D conductivity is observed, showing that oxygen vacancies con-
tributing to the electronic transport have also been generated in deeper parts of the crystal and in the matrix in 
between the dislocations.
Furthermore, we quantitatively analyzed the transport characteristics in the intermediate reduction stage con-
taining mixed 2D/3D contributions. With the dislocation profile of the sample being known from TEM results36, 
we were able to obtain a conductivity profile fully describing the recorded resistance data.
Data Availability
Data within the manuscript and its Supplementary Information is available from the corresponding author upon 
reasonable request.
References
 1. Spinelli, A., Torija, M. A., Liu, C., Jan, C. & Leighton, C. Electronic transport in doped SrTiO3: Conduction mechanisms and 
potential applications. Phys. Rev. B 81, 155110, https://doi.org/10.1103/PhysRevB.81.155110 (2010).
 2. Moos, R. & Haerdtl, K. Defect chemistry of donor-doped and undoped strontium titanate ceramics between 1000° and 1400 °C. J. 
Am. Ceram. Soc. 80, 2549–2562 (1997).
 3. Waser, R., Dittmann, R., Staikov, G. & Szot, K. Redox-based resistive switching memories - nanoionic mechanisms, prospects and 
challenges. Adv. Mater. 21, 2632–2663 (2009).
 4. Marrocchelli, D., Sun, L. & Yildiz, B. Dislocations in SrTiO3: Easy To Reduce but Not so Fast for Oxygen Transport. J. Am. Chem. 
Soc. 137, 4735–4748, https://doi.org/10.1021/ja513176u (2015).
 5. Szot, K., Speier, W., Bihlmayer, G. & Waser, R. Switching the Electrical Resistance of Individual Dislocations in Single-Crystalline 
SrTiO3. Nat. Mater. 5, 312–20 (2006).
 6. Ohtomo, A. & Hwang, H. A high-mobility electron gas at the LaAlO3/SrTiO3 heterointerface. Nat. 427, 423–6 (2004).
 7. Ge, J.-F. et al. Superconductivity above 100 K in single-layer FeSe films on doped SrTiO3. Nat. Mater. 14, 285–289, https://doi.
org/10.1038/nmat4153 (2015).
7Scientific RepoRts |          (2019) 9:2476  | https://doi.org/10.1038/s41598-019-38888-x
www.nature.com/scientificreportswww.nature.com/scientificreports/
 8. F. Santander-Syro, A. et al. Two-dimensional electron gas with universal subbands at the surface of SrTiO3. Nat. 469, 189–93 (2011).
 9. Marshall, M. S. J., Becerra-Toledo, A. E., Marks, L. D. & Castell, M. R. Surface and Defect Structure of Oxide Nanowires on SrTiO3. 
Phys. Rev. Lett. 107, 086102, https://doi.org/10.1103/PhysRevLett.107.086102 (2011).
 10. Gerhold, S., Wang, Z., Schmid, M. & Diebold, U. Stoichiometry-driven switching between surface reconstructions on SrTiO3(001). 
Surf. Sci. 621, L1–L4, https://doi.org/10.1016/j.susc.2013.10.015 (2014).
 11. Rodenbücher, C. et al. Homogeneity and variation of donor doping in Verneuil-grown SrTiO3: Nb single crystals. Sci. Rep. 6, 32250, 
https://doi.org/10.1038/srep32250 (2016).
 12. van Benthem, K., Elsässer, C. & French, R. H. Bulk electronic structure of SrTiO3: Experiment and theory. J. Appl. Phys. 90, 
6156–6164, https://doi.org/10.1063/1.1415766 (2001).
 13. Schindlmayr, A., Friedrich, C., Sasioglu, E. & Blügel, S. First-principles calculation of electronic excitations in solids with spex. 
Zeitschrift für Physikalische Chemie 224 (2011).
 14. Tufte, O. N. & Chapman, P. W. Electron mobility in semiconducting strontium titanate. Phys. Rev. 155, 796–802, https://doi.
org/10.1103/PhysRev.155.796 (1967).
 15. Frederikse, H. P. R., Thurber, W. R. & Hosler, W. R. Electronic transport in strontium titanate. Phys. Rev. 134, A442–A445, https://
doi.org/10.1103/PhysRev.134.A442 (1964).
 16. Parker, D. & Yahia, J. ac Hall Measurements in Crystals of Strontium Titanate from 190 to 500 °K: Dependence of Hall Mobility on 
Charge-Carrier Density. Phys. Rev. 169, 605–609, https://doi.org/10.1103/PhysRev.169.605 (1968).
 17. Lee, C., Yahia, J. & Brebner, J. L. Electronic conduction in slightly reduced strontium titanate at low temperatures. Phys. Rev. B 3, 
2525–2533, https://doi.org/10.1103/PhysRevB.3.2525 (1971).
 18. Szot, K., Speier, W., Carius, R., Zastrow, U. & Beyer, W. Localized Metallic Conductivity and Self-Healing during Thermal Reduction 
of SrTiO3. Phys. Rev. Lett. 88, 075508, https://doi.org/10.1103/PhysRevLett.88.075508 (2002).
 19. Ohly, C., Hoffmann-Eifert, S., Guo, X., Schubert, J. & Waser, R. Electrical Conductivity of Epitaxial SrTiO3 Thin Films as a Function 
of Oxygen Partial Pressure and Temperature. J. Am. Ceram. Soc. 89, 2845–2852, https://doi.org/10.1111/j.1551-2916.2006.01178.x 
(2006).
 20. Valdes, L. B. Resistivity measurements on germanium for transistors. Proc. IRE 42, 420–427, https://doi.org/10.1109/
JRPROC.1954.274680 (1954).
 21. Rodenbücher, C. et al. Electrically controlled transformation of memristive titanates into mesoporous titanium oxides via 
incongruent sublimation. Sci. Rep. 8, 3374 (2018).
 22. Cherepanov, V. et al. Ultra compact multitip scanning tunneling microscope with a diameter of 50 mm. Rev. Sci. Instruments 83, 
033707, https://doi.org/10.1063/1.3694990 (2012).
 23. Voigtländer, B. et al. Invited Review Article: Multi-tip Scanning Tunneling Microscopy: Experimental Techniques and Data 
Analysis. Rev. Sci. Instruments 89, 101101, https://doi.org/10.1063/1.5042346 (2018).
 24. Just, S. et al. Surface and Step Conductivities on Si(111) Surfaces. Phys. Rev. Lett. 115, 066801, https://doi.org/10.1103/
PhysRevLett.115.066801 (2015).
 25. Just, S., Soltner, H., Korte, S., Cherepanov, V. & Voigtländer, B. Surface conductivity of Si(100) and Ge(100) surfaces determined 
from four-point transport measurements using an analytical N-layer conductance model. Phys. Rev. B 95, 075310, https://doi.
org/10.1103/PhysRevB.95.075310 (2017).
 26. Schroder, D. K. Semiconductor Material and Device Characterization (Wiley-Interscience, 2006).
 27. Miccoli, I., Edler, F., Pfnür, H. & Tegenkamp, C. The 100th anniversary of the four-point probe technique: the role of probe 
geometries in isotropic and anisotropic systems. J. Physics: Condens. Matter 27, 223201 (2015).
 28. Cuong, D. D. et al. Oxygen Vacancy Clustering and Electron Localization in Oxygen-Deficient SrTiO3: LDA+U Study. Phys. Rev. 
Lett. 98, 115503, https://doi.org/10.1103/PhysRevLett.98.115503 (2007).
 29. Cordero, F. Hopping and clustering of oxygen vacancies in SrTiO3 by anelastic relaxation. Phys. Rev. B 76, 172106, https://doi.
org/10.1103/PhysRevB.76.172106 (2007).
 30. Jia, C. L., Lentzen, M. & Urban, K. Atomic-resolution imaging of oxygen in perovskite ceramics. Sci. 299, 870–873 (2003).
 31. Szot, K. et al. Influence of dislocations in transition metal oxides on selected physical and chemical properties. Cryst. 8, 241, https://
doi.org/10.3390/cryst8060241 (2018).
 32. Jin, L., Guo, X. & Jia, C. TEM study of <110>-type 35.26° dislocations specially induced by polishing of SrTiO3 single crystals. 
Ultramicroscopy 134, 77–85, https://doi.org/10.1016/j.ultramic.2013.06.009 (2013).
 33. Alexandrov, V. E., Kotomin, E. A., Maier, J. & Evarestov, R. A. First-principles study of bulk and surface oxygen vacancies in SrTiO3 
crystal. Eur. Phys. J. B 72, 53–57, https://doi.org/10.1140/epjb/e2009-00339-4 (2009).
 34. Wrana, D., Rodenbücher, C., Belza, W., Szot, K. & Krok, F. In situ study of redox processes on the surface of SrTiO3 single crystals. 
Appl. Surf. Sci. 432, 46–52, https://doi.org/10.1016/j.apsusc.2017.06.272 (2018).
 35. Waldow, S. P. & De Souza, R. A. Computational Study of Oxygen Diffusion along a100 Dislocations in the Perovskite Oxide SrTiO3. 
ACS Appl. Mater. & Interfaces 8, 12246–12256, https://doi.org/10.1021/acsami.5b12574 (2016).
 36. Wang, R., Zhu, Y. & Shapiro, S. M. Structural Defects and the Origin of the Second Length Scale in SrTiO3. Phys. Rev. Lett. 80, 
2370–2373, https://doi.org/10.1103/PhysRevLett.80.2370 (1998).
 37. Hofmann, P. & Wells, J. W. Surface-sensitive conductance measurements. J. Physics: Condens. Matter 21, 013003 (2009).
 38. Szot, K., Bihlmayer, G. & Speier, W. In Camley, R. E. & Stamps, R. L. (eds) Nature of the Resistive Switching Phenomena in TiO2 and 
SrTiO3: Origin of the Reversible Insulator-Metal Transition, vol. 65 of Solid State Physics, chap. 4, 353–559, https://doi.org/10.1016/
B978-0-12-800175-2.00004-2 (Academic Press, 2014).
Acknowledgements
We gratefully acknowledge G. Bihlmayer, P. Meuffels, W. Speier and D. Wrana for fruitful discussions. We 
thank R. Waser for critical reading of the manuscript. This work was supported in parts by the Deutsche 
Forschungsgemeinschaft (SFB 917 “Nanoswitches”).
Author Contributions
A.L. performed the experiments. A.L., C.R., V.C. and B.V. designed the experiments. A.L., C.R. and B.V. wrote the 
manuscript. The manuscript was discussed and commented on by A.L., C.R., V.C., B.V., K.S. and F.S.T.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-38888-x.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
8Scientific RepoRts |          (2019) 9:2476  | https://doi.org/10.1038/s41598-019-38888-x
www.nature.com/scientificreportswww.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019
